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ATUMTNUM BOROHYDRIDE - HYDROCARBON MIXTURES AS A SOURCE
OF IGNITION FOR A TURBOJET COMBUSTOR

By Hempton H. Foster, Edwerd A. Fletcher,
and David M. Streight

SUMMARY

An investigation was conducted to determine the feasibility of us-
ing aluminum borohydride - hydrocarbon mixtures as a source of ignltion
in a single tubular turbojet-engine combustor. The hydrocarbon diluents
investigated were isopentane, JP-4 fuel, and mineral oil. The coubustor
wag operated on a wodified JP-4 fuel. The cowbustor-iniet air pressures
that limited ignition were determined for eir flows in the range of en-
gine altitude starting conditions. Ignition limits observed with single
injections of 2 cubic centimeters of the igniting mixtures were compared
with those obtained with electric spark systems and with the steady-state
burning limits of the combustor at similar flows.

The combustor ignition limits obtalned with a 40 percent by volume
solution of aluminum borohydride in JP-4 fuel were almost as good as
those with undiluted sluminum borchydride for the range of sltitude in-
let conditions investilgated. With 10 and 20 percent concentrations, the
ignition characteristics were very erratic. Altitude pressures which
limited ignition with the 40 percent blend were sbout 2 inches of mer-
cury lower than those obtained with a 10-Joule electric spark system and
were within 2 to Sl»inches of mercury of the steady-state burning limits
of the combustor. These results were obtained with 0.025-inch-dismeter
capillary injection tubes; larger tubes (0.075 and 0.20 in. diam) resulted
in poorer ignition limits.

At a combustor-inlet air temperature of 10° F, mineral oil and JP-4
fuel blends ignited the combustor with spproximetely equel effectiveness.
A% -400 F, better results were obtained with minerel oil blends. Very
poor ignitlon charscteristics were obtained with isopentane as the
diluent.

In an extenslon of the present work, aluminum borohydride was suc-
cessfully used as a stand-by ignition source for a 48-inch ram-jet engine,
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INTRODUCTION

The problem of in-flight ignitilon of thermal-jet englines becomes
more difficult with the ever increasing demand for higher flight speeds
and higher altltude operatlon of the engines. Means of ignltion other
than conventionsl electric sparks are being investigated at the NACA
Lewls laboratory. This report describes the use of dilute solutions of
aluminum borohydride for ignition of a turbojet engine combustor. Its
use as & stand-by ignition source for s 48-inch ram-jet engine is also
described.

Successful ignitlon has been obtained with single small injections
of aluminum borohydride at cowbustor conditions far wmore severe than
those which limited ignition with an experimental high-energy electric
spark system (ref. 1). This chemical is one of a number of compounds
that are spontaneocusly flammsble in &ir and have a high rate of energy
release. Although excellent ignition characteristics were obtained,
practical difficulties in the use of aluminum borohydride could be ex-
pected because of 1ts tendency to plug injectors, to volatilize, and to
build up high pressures in containers under storage conditions in high-
speed -aircraft. -

In the statlic-chamber tests reported in reference 1, ignition was
obtained with blends of aluminum borohydride in & hydrocarbon fuel. The
results indicate that such blends could be more easily handled and lntro-
duced into the combustor and less prone to plug lnjectors and to bulld
up pressures in closed conbtainers. A study was therefore undertaken at
the NACA Lewls laboratory to eveluaste the ignition characterlstics of
dilute solutilons of alumlnum borohydride ln a single tubular turbojet
combustor. Three different diluents were used, isopentane, MIL~-F-5624B,
grade JP-4 fuel, and mineral oill. Ignition mixtures of 2-cublc centi-
meters containling 10, 20, 40, arnd 100 percent aluminum borohydrlde by
volume were packaged in presgurized gless capsules with caplllary meter-
ing tubes; the tubes were broken to introduce the ignition mixtures into
the cowbustor. A 0.025-inch-diasmeter injector capiliery tube was used
to obtain most of the data; however, comparative data were also obtained
with tubes of two larger diameters (0.075 snd 0.20 in.).

The combustor-inlet alr pressures whlch 1imit burning and those which
limit ignition were determined for three air flows (in the range of alti-
tude engine windmilling conditions) using a modified JP-4 fuel. The
combustor-inlet air and fuel temperatures were held constant at 10° F.
Data were also obtained at low (-40° F) combustor-inlet air and fuel tem-
reratures for one air-flow rate. The combustor ignition limits obtalned
with the several concentrations of aluminum borohydride were compared with
those obtained with spark systems at energy levels of 0.3 and 10 Joules
and with the steady-state burning limits of the cowmbustor.
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Data on the extent of decomposition of a sample of aluminum borohy-
dride during long-term storage are presented.

APPARATUS AND PROCEDURE

A gingle J33 turbojet-engine combustor (fig. 1) was installed in a
direct-connect duct test facility, which supplied the desired cowbustor-
inlet and -exhaust conditions. The test facility and instrumentation
Por indicating combustor-inlet and -outlet air total pressures, air and
fuel tewperatures, and air and fuel flows are described in detail in
reference 2. A large (3- by 11.5-in.) transparent plastic window in the
outer shell of the combustor permitted visual observatlon of the flame.
A 10.5-gallon-per-hour, fixed-area fuel nozzle having an 80° spray-cone.
angle was used in this investigation. The fuel passed through s copper
cooling coil (50 ft long and 3/8-in. 0.D.) immediately before entering
the nozzle (fig. 1); the fuel temperature was, therefore, very near that
of the inlet air. The combustor was supplied with a low-volatility, modi-
fied MIL-F-5624B, grade JP-4 fuel; analysls of the fuel is given in
table I.

Ignition Systems

Aluminum borohydride system. - Aluminum borohydride was introduced
into the combustor from an injector designed to fit into the spark-plug
hole (fig. 1). A detailed diagrammatic sketch of the injector is pre-
sented in figure 2. A glass capsule containing Z-cubic centimeters of
the aluminum borohydride wixture was mounted in the Injector as shown in
figure 2. A manuslly operated trigger arm was used to break the sesled
tip from the capillary tube, sllowing the contents of the capsule to ve
injected into the combustion chamber. The capillary tubes had an inside
diameter of 0,025 inch for most runs. (All tubes were notched 3/4 inch
from the main body of the capsule to provide a reproducible breaking
point.) The capsule and injector designs were generally similaer to those
described in reference 1. Ignition capsules were charged as follows. The
desired amount of hydrocarbon dlluent was first introduced into the open
capsule by means of a pipette or burette and the capsule stoppered with
e self-sealing biological-vial rubber stopper. The capsule was then
cooled in a dry-ice slush bath and the alr evacuated through a hypoderumic
needle. Aluminum borohydride waes then added in the desired amount from
a calibrated burette equipped with a similer hypodermic needle. The cap-
sule was finally pressurized with nitrogen to slightly above 1 atmosphere
through a third hypodermic needle. The capsules were stored in powdered
dry ice until shortly before firing; Just before they were inserted into
the injector they were warmed by hand so that the contents would be thor-
oughly mixed.
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Electric system. - The electric spark-ignition system used to ob-
tain comparative data 1s described in detaill in reference 3. Energy
levels of 0.3 and 10 joules of stored condenser energy per spark with
a spark rate of 8 sparks per second were used (estimated efficiency,
20 to 25 percent Of stored energy available at spark gep) .

Test Procedure

Burning limits. - For comparison with ignition-limit data, the mini-~
mum combustor-inlet air pressures at which burning could be maintained
were determined for three air flows (1.87, 3.75, and 6.0 1b/(sec)(sq £t),
based on a combustor maximum cross-sectionel area of 0.267 sg ft) at con-
stant air and fuel temperatures of 10° F. A description of the method
used to determine the cowbustor limits is presented in reference 3.

Ignition limits with aluminum borohydride - hydrocerbon blends. -
The minumum combustor-inlet air pressures at which ignition of the coum-
bustor could be obtalned were determined for inlet conditions simllar
to those for the burning-limit tests (air flows: 1.87, 3.75, and 6.0
1b/(sec)(sq £t) at 100 F}. After the desired inlet conditions were es-
tablished, fuel was admitted at a rate previously determlned to be opti-
mun for ignitlon by sparks (fuel-air ratio, approx. 0.,015). The aluminum
borohydride - hydrocarbon blend was then injected lnto the fuel-air mix-
ture. Ignition wes indicated by a bteuwperature rise and by observation
of flame through the window in the combustor. Except with a few injec-
tions of 10 end 20 percent blends, flame was always visible, at least
momentarily, whether or not the combustor was successfully ignited. The
criterion for satisfactory ignition was that the flame filled the combus-
tor and continued efter the igniting fluid had been expended.

Although a few preliminary tests were made wilth lsopentane as the
diluent, most of the data were obtained with JP-4 fuel as the diluent;
the aluminum borohydride concentrations were 10, 20, 40, and 100 percent.
Some data were also obtained with a 40 percent sluminum borohydride con
centration with mineral oil as the diluent. :

Ignition limits with electric sparks. - The minimum combustor-inlet
eir pressure at which ignition could be obtained with a speark-energy
level of 0.3 and 10 joules (at 8 sparks/sec) was determined for the
aforementioned combustor-inlet flow and temperature conditions. A de-
talled description of the ignition procedure used 1s presented in refer-
ence 3.

RESULTS

Turbojet-combustor ignition data obtained with aelumlnum borohydride
and aluminum borohydride - hydrocarbon blends over a range of combustor-
inlet air conditions are presented in table II. These data wlll be

e s



oLVE

NACA RM E54K12 L 5

compared with ignition data obtained with an electric spark ignition
system end with combustor steady-state burning-limit data (also in-
cluded in table IT).

The initial pert of this investigation was conducted with aluminum
borohydride blends containing isopentane as the diluent. The static-
chamber tests of reference 1 had indicated that aluminum borohydride
blends of a similar fuel, n-pentane, containing as little as 20 mole
percent aluminum borchydride were spontaneously flarmmsble at pressure
and temperature conditiong far more severe than those encountered in
turbojet-engine operation. Preliminary couwbustor ignition tests with
isopentane containing 40 percent eluminum borohydride, however, were
successful in starting the combustor at or near sea-level pressure con-
ditions only (see table II). Because it was considered that excessively
rich vapor fuel-air mixtures may have existed in the lgnition zone when
isopentane was used, or possibly because of the high spontaneous igni-
tion temperature of isopentane, subsequent tests were performed with
diluents of lower volatility and, incidently, lower spontaneous igni-
tion temperature.

Ignition Limits of Aluminum Borohydride - JP-4 Fuel Blends

Bffect of air-flow rate. - Combustor ignition-limit data for alumi-
num borohydride concentrations of 10, 20, 40, and 100 percent in JP-4
fuel are shown in figure 3. The injector capillary was 0.025 inch in
dismeter. Several chemical-ignition-data points are presented for each
test condition. In general, the inlet pressures that limited lignition
increased with an increase in air flow as was expected from previous
research (ref. 1). The indication of the reverse trend with the 20 per-
cent aluminum borohydride blend 1s probably insignificant in view of the
observed scatter of the data points. The 10 percent blends failed to
ignite at the highest air flow (6 1b/(sec)(sq ft)), and only occasionally
wasg combustor ignition obtained even at the lower alr flows. The 20 per-
cent concentrations ignited and cowmbustor ignition was cbtained at all
the =ir flows. Combustor ignition with either the 10 or 20 percent
concentration was quite erratic. With the blends containing 40 percent
aluminum borohydride, there was a marked improvement in ignition charac-
teristics., The minimum pressures for ignition were reduced and ignition
was much more consistent. The ignition limits obtalned with the 40 per-
cent aluminum borchydride blend were almost equivalent 0 those obtained
wlth the undiluted e2luminum borohydride.

The data presented in figure 3 are summarized in figure 4 for com-
parison with the combustor steady-state burning limits and with ignition
limits obtained with electric spark systems. The ignition limits ob-
tained with the 40 percent aluminum borohydride blend are about 2 inches
of mercury lower than those obtained with the 10-joule spark system and
are wlthin 2 to 3.5 inches of mercury of the steady-state burning limits

——
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of the combustor. A spark energy of 10 joules (stored energy) repre-
sents the probable upper energy limit for proposed electric spark sys-
tems. The 0.3 joule (stored energy) ignition-limit curve shown was
obteined in a previous investigation (ref. 3) and represents the energy
level supplied by one turbojet-engine ignition system at 20 sparks per
second. At a combustor-inlet pressure of 15 inches of mercury absolute
(0.5 atm), the air-velocity ignition limits of the 40 percent aluminum
borohydride blend were about 30 percent greater than those of the 10-
Jjoule spark system and more than double those of a 0.3-joule spark
system.

The ignition limits obtained in this study with undiluted aluminum
borohydride were somewhat lower than those reported in reference 1,
probably because of improved metering. They are within about 1.5 to 2
incheg of uwercury of the combustor burning limits. BSudden changes in
the alr pressure or fuel flow at these conditions resulted in flame-out.
For this particular cowmbustor, .these burning limits are below the limlts
at which an engine could be easily accelerated.

Effect of inlet air temperature. - The effect of combustor-inlet
air temperature on ignition liwmlts was Investigated with the 40 percent
aluminum borohydride blend only; the results are presented in figure 5.
The winimum pressure for ignitlon increased sbout 10 lnches of mercury
with & decreasse in inlet alr temperature from 100 to -40C F, As noted
in figure 5, this increase was conslderably greater than that previously
observed (ref. 1) with either the undiluted sluminum borohydride or the
spark system., An inspection of the capsule Jjust before firing at -400 F
showed that the aluminum borohydride and the JP-4 fuel were well mixed
and flowed freely in the cepsule. The appearance of the flame flash was
similar to that observed at the 10° F temperatiure condition. The capil-
lary tube diasmeter was 0.025 inch for these tests.

Effect of injection duration. -~ Flgure 6 shows the effect of injec-
tion duretlion on the couwbustor ignition limits. The time intervals
showvn were obtained from high-speed motion-picture films of the flame
Tlashes of the ignlter fluld in the combustor. Increase in injection
durstion improved the lgnition 1limits considerably. The lgnitlon 1limit
would be expected to approach closely the combustor burning limit with
even longer injectlon times. Increases in injection duration also in-
creased the probability of ignition; that is, ignition was more consilst-
ent wilth longer inJjection durations.

Ignition Limits with Aluminum Borohydride - Mineral 0il Blend

It was previously noted that consilderably better ilgnltion charac-
teristics were obtained when the volatillty of the dilluent incorporated
into the blend was reduced. Thus, ignition was improved when JP-4 fuel
replaced lsopentane as the diluent., Tt was therefore consildered desirable
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to obtain combustor ignition datae with an aluminum borohydride diluent
even less volatlile than JP-4 fuel. Mineral oll was chosen for additional
ignition tests inasmuch as it is readily available for such an gpplica-
tion and is relatively free of unsaturated hydrocarbons, which react with
aluminum borohydride.

Figure 7 compares combustor ignition limits for 40 percent aluminum
borohydride blends of the two diluents, at one air flow (3.75 1b/(sec)
(sq ft)) and two inlet sir temperatures. At 10° F, the ignition limit
of the aluminum borohydride - wmineral oil blend is at least somewhat
lower than that of the aluminum borohydride - JP-4 blend; none of the
five capsules tried failed to ignite the combustor. With a decrease in
inlet air tewperature from 10° to -40° F, the ignition-limiting pressure
Tor the aluminum borohydride - mineral 0il blend increased about 3 inches
of mercury, which 1s about the seme change as that obtained with pure
aluminum borohydride snd with the spark-ignition system (ref. 1). The
corresponding change in ignition limits for the aluminum borohydride -
JP-4 fuel blends is conslderably greater. The capillary injection tube
of 0.025-inch diameter was used for both mixtures. '

Ignition with Aluminum Borohydride in 48-Inch Ram-Jet Engine

The encouraging results obtalned in the ignition tests with alumi-
num borchydride and with eluminum borohydride blends led to the use of
aluminum borohydride for ignition of a 48-inch experimental rewm-Jjet en-
gine installed in an sltitude chamber at the Lewls laboratory (ref. 4).
The aluminum borohydride was packaged in 1- and 2-cubic-centimeter guan-
tities in glass capsules. To obtain ignition, a capsule was fired by alr
pressure through s long steel tube into the cowbustor (fig. 8). Tmpact
of the capsule upon the walls of the ram-jet pilot broke the capsule,
releasing the aluminum borohydride in the region of the pilot fuel spray.
The ram-jet engine was operated on MIL-F-5624B, grade JP-5 fuel. Some
results of the ignition trials are presented in table III and figure 9.
The ignition limits obtained with aluminum borohydride were considerably
better with this combustor at low alr flows than those cbtained with an
electric spark system (subsequent work with other combustor configura-
tions has shown that the spark-ignition limits ¢an be conslderably im-
proved by changes in combustor design). Insufficient data were obtained
at the higher alr flows to establish a pressure limit. It is believed
that even better ignition characteristics might be obtalned with a more
refined injection technique.

Aluminum Borohydride Decomposition

One reason for considering the uge of dilute solutions of aluminum
borohydride in place of pure aluminum borohydride is the decomposition

Ly
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that may occur during storage. Only meager experience with hydrocarbon
blends is available to indicate the seriousness of the problem. The
following information was obtained in storing undiluted aluminum boro-
hydride at the lewis laboratory.

In the summer of 1947, a 1000-cubic-centimeter steel tank contain-
ing 380-cubic centimeters of aluminum borohydride was stored in an outdoor
ghed and left undisturbed until February 1954. The hydride had thus

undergone storage for about si years at prevailing outdoor temperstures.

Careful inspection of the tank prior to its being opened revealed no
evidence of lesks. The hydrogen pressure_inside the tank at the end of _
the 6% years had risen from O to 150 pounds per square inch gage. This
Increase corresponds to the liberation of about 16 volumes of hydrogen
gas (at atmospheric pressure) per volume of liguid aluminum borohydride
originally present, or about 2 percent of the hydrogen potentially availl-
able. Thus, decomposition did not seriously reduce the quentity of alu-

minum borohydride avallable, but the resulting pressure rise must be con-

sidered in the design of the conitainer. i R

DISCUSSION

There 1s ample evidence that undiluted aluminum borohydride wili
ignite a conventional hydrocarbon fuel in a turbojet combustor near the
burning limit and that the ignition limits were better than those ob-
teined with a 10-joule (stored energy) spark-ignition system. It was
predicted in reference 1 that longer injection duration would improve
ignition limits. Two possible methods of accomplishing this increase
with & given quantity of chemical are (1) making use of capillary in-
Jection tubes of smaller diameters, or (2) diluting the aluminum boro-
hydride with hydrocarbons to increase the total volume of the liquid
injected.

The date presented in this report indicate the trend of improved
ignition 1limits obtaineble with longer injectilon duration resgulting from
decreesing the dlameter of the capillary injection tube. A minimum prac-
tical diameter wey exist, however, since the use of small capillaries
may be conducive to injector plugging difficulties. Plugging of the
ceplllaries was not experienced in the present investigation even with
the smallest diameter caplllary, 0.025 inch. These capsules were pres-
surized with nitrogen, which suggests that some of the plugging dlffi-
cultles reported in reference 1 may have been due to insufficient pres-
sure in the capsule. The propane used as the propellant gas in the tests
of reference 1 was probably apprecisbly soluble in the aluminum borohy-

dride and hence reduced the pressure availasble for injecting the aluminum

borohydride into the cowmbustor. Even 80, experience gained during this
and related research indicated that the Plugging problem associated with

——— NS
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metering tubes and orifices should be considered in the design of chemi-
cal injection systeums.

The second method of obtaining longer injection duration, the use
of aluminum borohydride - hydrocarbon blends, would also appear to al-
leviate the plugging problem, since liquid-flow rates would be higher
and the potentisl amount of ash per unit volume of fluid injected would
be lower. Suitable mixtures would also have a lower volatility during
storage in the high-temperature aircraft environments encountered at
high-speed flight conditions. The primary objective of the present in-
vestigation was to determine the effect on ignitior limits of blending
aluminum borohydride with hydrocarbons. The data presented indicate
that aluminum borohydride can be diluted with hydrocarbons to at least
as low as 40 percent sluminum borohydride and yet retain ignition per-
formance that is nearly as good as that obtained with the undiluted
aluminum borohydride.

The volatility and viscosity of the hydrocarbons used in the mix-
tures would be expected to play an important role in ignition with the
system used in this investigation. For example, isopentane blends,
containing the most volatlle hydrocarbon, had the poorest ignition 1imit,
whereas mineral oil blends, containing the least volatile diluent had
the best ignition limit (particularly at -40° F). It should be noted
that isopentane alsc has a higher spontaneous ignition temperature. I%
is believed that excessively rich vapor fuel-alr mixtures may have ex-
isted in the ignition zone when the highly volatile isopentane was used.

The viscosity of the diluents affects the flow rate and thus affects
ignition. Minerel oil, being much more viscous than either JP-4 fuel or
isopentane, increased the injection duration through the capillery tube
and ‘thus aided ignition. The lower concentretions of aluminum borohydride
in JP-4 fuel, although having somewhat higher viscosity than undiluted
aluminum borohydride, gave poorer ignition limits. This was due simply
to dilution and lower flammsebility. At the coubustor-inlet temperature
of -40° F, mineral oil as a diluent considerably improved the ignition
limit over that of JP-4 fuel as a diluent. This improvement 1s probably
due to the increased injection duration resulting from the greatly in-
creased vlscoslity of mineral oil at the lower temperature.

Other methods of injecting aluminum borohydride into a combustor
mey prove fessible now that i1t has been established that aluminum boro-
hydride is still a good ignition source when diluted with hydrocarbons.
For example, aluminum borohydride could be fed into one or more of the
wain fuel nozzles on an engine in such a manner that dilution of the
aluminum borohydride with fuel is not excessive. A technlque such as
this may prove useful in overcoming some of the current ignition and
scceleration problems as well as the more severe problems anticipated
in future engines.

dﬁ!!!!ﬁﬂﬂ;ﬁa'
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Engines are already being operated under condltions such that if a
flame~out were to occur, couwbustor~-inlet temperature and pressure would
drop to near the burning limits of the cowbustors. It 1s anticipated
that these conditions willl becoume even more severe in the future. TFor
exemple, if a supersonic turbojet-powered aircraft were to encounter
flame-out near its operationasl ceiling, the combustor-inlet pressure .
and temperature would drop to well below the burning limit of the com-
bustor with conventional fuels. Continued improvement in cowbustor de- _
sign will help alleviate both the burning and the starting problems.
Even so, with conventional fuels, starting is limited by the low pres-
sures and temperatures regardless of the design of the combustor. An
ignition source having a much higher heat-release rate than the spark-
ignition systems currently used will be required if present-day fuels
are used. It is believed that chemical ignition may supply the required

high energies. A type of continuous chemical ignition source is visuval- e

ized that can be used on demand for the required interval and furnish

enough heat to ignite and stimulate burning of the couwbustor fuel to the

point where there is sufficient heat release to improve burning condi-

tions and accelerate the engine. -

The general term "chemilcal ignition" 1s used here to indicate that
there are many other chemilcal cowpounds which could be expected to give
similar results and may have more deslirable physical or chemical propera
tles than eluminum borohydride. It 1s belleved that continued research
on chemical ignition 1s warranted in view of the potential gains possible.

SUMMARY OF RESULTS

Fron an investigation to determine the feaslbility of using alumi-
num borohydride diluted with hydrocerbons as & source of lgnition for
a turbojet combustor operating on a modified JP-4 fuel, the following
results were obtained with single injections (2 ecc) from pressurized
glass capsules.

1. The combustor ignltion limits obtained with a 40 percent concen-
tration of aluminum borohydride in JP-4 fuel were almost as good as those
obtalned with undiluted aluminum borohydride. for the range of altitude
inlet conditlons investigated. The ignlition characteristics were erratic
with aluminum borohydride concentrations of 10 and 20 percent.

2. Altitude pressures which limited ignition with the 40 percent

aluminum borohydride - JP-4 fuel blend were about 2 inches of mercury -

lower than those attained with a 10-joule spark system, and were within
2 to 3.5 inches of mercury of the combustor steady-state burnlng limits.

. 3472
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3. At en inlet temperature of 10° F, mineral oil was at least as
qood a diluent as JP-4 fuel; at -40° F better results were obtained with
wineral oil as the diluent. Very poor ignition characteristics were ob-
talined with isopentane as the diluent.

4. In general, increasing the duration of injection resulted in
improved ignition charecteristics.

5. Aluminum borohydride was successfully used as an ignition source
for a 48-inch ram-jet engine in an altitude test setup.

Lewis Flight Propulsion Iaboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, Novewber 17, 1954
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TABLE I - FUEL ANALYSIS

Fuel Property

NACA fuel 50-197 (modified
MIL-F-5624B grade JP-4 :

A,S.T.M. distillation D86-46, °F
Initial boiling point
Percentage evaporated

S
10
20
30
40
S0
60
70
80
a0

Final boiling point
Residue, percent
Loss, percent

Reid vapor pressure, 1b/sq in.
Hydrogen-carbon ratio
Heat of coubustion, Btu/lb

Specific gravity
Freezing point, °F
Viscosity, centlstokes at 100° F

181

242
271
300
319
332
351
356
381
403
441

508
1.2
0.2

1.0
0.170
18,691

0.780
< -76
1.05
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TABIE II. - IGNITION DATA WITH ALUMINUM BOROEYDRIDE - HYDROCARBON MIXTURES PACEAGED IN PRESSURIZED GLASS CAPSULES

Run Eho-busnt.a‘ ?’I-i'-:i: antiti Ei-:u;:nh'nlm G:puln-: Conbustor inlet DMluent Observation
oW, 6%~ injected, TR size,
b ratio e borohydride, in. ’1;“;:":{” Temperature,
(8e0]laq IT) percent o
1 1.87 0.018 2.0 a 0.20 12.0 10 Isopentane| Flaze, no stert
2 15.0 Flams, no start
3 20.0 " Flame, na start
(3 25.0 Plame, no start
5 32.0 Starts snd continues
[] 078 12.5 Fla—e, no start
T } 25.0 Plame, na .uurt
[ 25.0 r Flare,
2 -02s5 12.0 JP-4 fuel | Geod utaz-f., blm cut after seversl sec
0 11.18 Xo start, burns several secl
11 12.0 Start, blows out after several aect
12 3.0 Excellent start, blows out 13 seo later
13 11.0 Excellent start, blows cut 10 sec later
14 10.0 Exaellent start, continues
15 8.0 Excellent start, oontinues fo© several ssc
18 a.5 Excellent start, blows out
17 3.78 Loile . 18.0 Exgellent
18 14.0 Excellent
19 13.0 Excellent
0 * 12.0 Excellent
21 11.0 Excellent start, continues
* 10.8 Ixocellent atart, continues
25 8.0 -01F 17.0 Excellent start, continues
24 18.0 Excellent stars, continues
&S 15.0 Excellent start, continues
26 14.0 Good light, blows out ~
at 3.78 B < 10.0 Good light, blows out
a8 10.8 Good light, blsws ocut
a2 11.0 Good light, continues sevaral sec
30 8.0 -011 18.0 Good start, contirues
31 15.0 Good start, contimues
32 14.0 Good light, blows out
33 5.75 0114 10.6 Qoo light, blows out
%4 100 10.5 Hane Exoellent start, oontinues
38 9. Gcod light, blows out
38 10.0 m.umt atars, contirm
37 8.0 +011 1.0 ood light, blows out uur seversl sec
58 1¢.5 oood start, continues
39 20 18.0 JP-4 fuel | Good start, contirmes
40 17.0 Gocd light, blows out
41 17.5 Good start, contimies
42 3.78 <Oll4 . 14.0 Good atart, continues
43 ¥ T 12.0 light, blows out
4t 1.87 .0l8 1co 8.0 Nong Good light, blows out after ssveral sec
] + .3 { Lights, burnz several sec
45 11.0 JP-4 fuel | Szall light, blows cut
47 12.0 8=all light, blows out
40 15.0 Szall t, blcws ocut
49 14.0 Small light, blows cut
5O 1s.0 Spall light, blows ocut
n 9.5 Excellent start, cantinues
52 1.5 Ocod light, dlows ocut after Aeveral sac
53 23.3 Qood light, blows out after several sec
] 10 25.0 Good start, contirmues
55 14.0 Good atart, continues
56 12,9 GJood atart, blows out
37 15.0 Ho light
58 13.0 No light
B9 k.0 Light, blows out
60 3.75 L0114 T 14.0 Good 1ight, blows out
81 16.0 Good light, blows ocut after several sec
82 \] 17.0 Good light, blows out
83 10 17.0 Swell light, blows out
84 29.2 Ro light
&5 2.2 Mo light
a8 1.87 018 6.5 Good start, continues
87 21.5 Qood light, blows out
3.0 Gead start, coutirues
] 20 22.0 Good light, blows out
70 3.78 L3k 14.0 Good light, blows cut
n 16.0 Good ltight, blows cut
72 18.0 Good 1ight, blows out
k-4 21.0 Good light, blows oub
“ 24.0 Qood start, continues
ki) 25.0 Geod atart, continu
76 a2.0 Qood atart, oontinu
Lid 6.0 011 2.0 Good start, eontimu
76 20.0 Qood start, continues
8 18.0 Good start, continues
80 3.78 <0114 20.0 Good start, continues
81 1 18.0 Good start, continues
a2 &.0 <011 10 6.3 o light
83 ¥ Y %.0 Xo light

3puel flow may have been inadsquats.



TABIE II1. ~ Conalnded.

ICAITION TATA WITH ATOMINUM BORCHYDRIUE - HYDROCARBON NIXTURES PACKAGES IN PHEESUBIZED GIASS CAPSULES

Ran Sombay m—-.u ?amiw :;fwuul:rmm o;ulln-r Coabnator fulet Blluent Chasrvaklion
o, ~air | injeoted, | atumipum nics,
1 | rawo s barobyaride, tn,  |[respars, | et
et )(aq 78] percent .

-]} 3.78 0.0+ R0 m 0.023 :|.7 10 JP-i fosl | Good start, aonwimas

&s l .0 Good eters, oomwimes

8 18.0 Light, blows out

87 20.5 Yair lighk, blows cut

a8 1.87 .018 0.9 Fair 1ighs, blows cut

® t 1 2.4 Good start, ooutinmss

%0 8.0 .01 30.0 No

n 1.87 «0L8 20 2.0 Light, hlows cat

" .0 dood stark, a

" .0 No Light

I . i E-X oot 1ight, Do slars

o : “t =9 Good 1ight, no start

[ 100 B.E None Dood 1lght, “urmer cootimes ssveral gao

97 8.5 Good light, tumar contimes swvernl seo

) 8.9 Good 1light, urmer contiznes sstwral sec

2] 5.78 <0114 0.2 Good start, contimiss

10 5,0 +all1 14.3 Good mbard, sontimies

im 14.0, Goof light, blows cab

108 14,3 Jood atart, sontlrues

10 14.1 Good soart, somvlues

104 3.78 kT 0 2.8 ~40 md.l. Mo 1lght

los 13.8 4 Good awmrt, comtinues .

105 15.0 -4l Good 1ight, mo start i

07 15.% -42 - Quad lighk, blows out after saywral sec
108 14.0 Geod light, blows out

b 15.0 JP-4 fuml | Good light, blowa out

10 1.0 Good light, Blows out

phiy 1.0 good Light, ecotinnes for few ssc

ne 18.0 Good Light, combimues for fen meo
.13 12.0- Good lighs, continues for few se

4 7.0 -0 m stard, convinoes

118 24.0 ~40 atars, ocontinues

118 1a.3 10 H.I.nl!‘mll Exdollens spext, contimoes
-4y g . - - n:ﬂ- , - Kmellant ssert, qonwmmes

FLT] | N ' E If 11 . \ Boelleat SGATY, GeTAELIDes

us | 10,3 Expellent sbars, aontinne

180 10.4 Exellont start, oontionagh
-1 200 12.0 7B=4 fusl only, no start

lae !’! 14.0 Light only, no start
Y -] M 7.0 Gond owrts, contines

14 | + 200 14.0 Light, no skark
L lan . * 1.0 Ssall lighs, no ssars

128 18.0: Swall light, no start
BT .08 11.0 Good etart,
112. 4.0 Lighb, no shary

189 . 14.0 dood start, eonslooss
(150 | , ] ! | 19.0 Lighk, no shart

Pk 18.0 Light, no swary

132 17,0 Light, no s@art

153 . 300 13.0 Gosd atardy, amyinues

1

154 JOm 1.5 Light, mo stert

154 080 18.0 t, no sLart

154 20 2.3 Light, Bo awarg

137 1.47 e _— — — ig.ﬁ — souiator-inlet toval presmurs for
134 3.78 .33 —— - — —r— N3 — 5{1:.1-1 with m elasteia spivk emargy
156 5.0 L0 -— ¥ -— —_— 17.0 —_ of 10 Soulas

140 3.7 o4 —_— — — I 1a.8. ' i ~40 —_—

1 1.7 s — —— _— [ 8] ' — Moime sosboasar-1nlet total pressurs
iu i;: .ggl — — —~— 1;8 - l _ for STMAY-STRtS burning

45 o B -— — — R [ —_

144 3, SO Y i) b -_— — 11 F -l —1 Foat. 1

Stinimen sxpaet preamure arndladle.
' ' . e - I !
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TABLE III. - IONITION DATA WITH ALUMINUM RORCHYIRIDE TN 48-INCH EXPERIMENTAL RAM-JET ENGINE
Nominal Nominal Totel Inlet Calculated | Puel Quantity Observation
ailr flow, alr flow, | pressure, temperature, |reference | injeotor aluminum
1b/sec 1b in. Hg ebs op velaclty, |eonfiguration |borchydride,
sea){aq ft/seo ce
1 80 6.4 14.8 525 320 Pilot only 1.0 Good start
2 20 8.4 9.2 B14 Pllot anly 1.0 (Exhaust nozzle open) 1light, no start
5 80 6.4 12.7 37e Pilot only 1.0 Lights pllot only
4 80 6.4 8.2 Bl4 Pilot + main 1.0 (Bxhaust norxzle open) pllot lighte and
blows out
5 110 8.75 12.0 800 530 Plilot only 1.0 (Exheust nozezle cpen) no light
-] 110 8.75 14.8 450 Pilot only 1.0 ¥o light
T B0 8.4 15.6 298 Plilot ocnly 1.0 (No 1gnition with spark) starts wlth hydride
8 80 6.4 14.1 328 Pillot oanly 2.0 Starts with hydrlde
9 80 8.4 11.03 419 Pilot anly 1.0 No start
10 80 6.4 15.6 - 29§ Pllot cnly 2.0 Starts
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Z Aluminum borohydride injector

Combustion-chamber outer shell

Cooling coil -_. YCombustion-chamber inner liner
o2 \
Thermocouple _ o o © O O O O
(fuel tempersture) AR 1 °'"
) : g _ = —— -
# 0000000
%
i 2
i S ]
t - N,
:;OOOOOOG
&
L_goe Spray angle /
L Ohservation window
Fuel-spray
mozzle
Fuel supply

Figure 1. - Diagrammatic cross section of single tubuler combustor.
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Figure 2. - Dliagrammatic sketch of injector using pressurized glass capsules

with capillary tube for single charges of chemical igniter.
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Combustor-inlet total pressure, in. Hg abs

SSONT TDENTHES NACA RM ES54K12

18 - T 1 T
‘'® Combustor ignited I
0 Combustor falled to ignite
- O Aluminum borohydride
falled to ignite 2 ° 2.
1¢ /; hd !
/l/ ° ° // a'I
/ ® ® Ve
2 e / ) /"2
10 7\{ §‘ —2
o
3 / o
\s p4
7
8
(2) 100 Percent aluminum (b} 40 Percent eluminum
30 borohydride, borochydride.
[ [o 78 NESPY I
°
! 3
¢
26 §
o
& —e °
o
'Y 2o
—e ° ®
22 -ol Py
o
o
*
( ] 2\\
18 [5) 4: ©
o
° L~ 2 ¢
=2 04
14 ° 3 —8
o 2’ or--2
—0 —e ©
(o}
10 0 2 4 6 0 2 4 6

Air flow, 1b/(sec)(sq £t)

(¢) 20 Percent aluminum (d) 10 Perceat aluminum
borchydride. borohydride.

Figure 3. ~ Combustor ignition limits for various concentrations of aluminum
borohydride. Diluent, JP-4 fuel; combustor-inlet air and fuel teupera-
tures, 10° F.
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. . CV=-3 back FAT2

L1 1T ]
Chemleal lgnition /
o | —— —— Bpark ignition . Al
g NN\, Bteady-state burning limit bo“‘“im] eids
E / concentration,
B 18 g percent
3 Ref. :5/ "
0 -
L Spark en;rgy,/4 T -
i 8 sparks/sec L
ﬁ . 14 Joules ’ ,_*”‘ 40 f’::::
def | 1 A
é o 0.3 / 4/ / /
o 1 /// 100 N
2 - __/1//
E 1014 T
10 X
Ko burnihg or

5; _,./ | N ignition
g \\¥

B <

0 1 5 &

2 3 4
Air flow, 1b/(sec)(sq ft)

Figure 4., - Comparison of combustor burning limits with combustor
ignition limits obtalped with two concentrations of aluminum borohy-
dride and with electriec sparke as lgnition sources. Dlluent, JP-4
fuel; combustor-inlet air and fuel temperatures, 10° F; capillary tube
dismeter, 0.025 inech.
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Combustor-inlet total pressure, in. Hg abs

NACA RM ES4K12

28
] 1 T T T 1
® Combustor ignited
O Combustor falled to ignite -
40 Percent eluminum borohy-
{ride in JP-4 fuel
24 *— ——— Undiluted aluminum borohy- -
dride (ref. 1)
2 \
N
o \
16 \\
12 -~
N -2
Lty 2
I 'Il][[”// //
Steady-state burning //W/
8 limit (?ef. l?
-gl 40 =20 9] ' z

Temperature, °F

Figure 5. - Bffeet of inlet-air and ~fuel temperatures on

combustor ignition and burning limits. Aluminum borchy-
dride concentration, 40 percent; alr flow, 3.75 pounds per
second per squere foot; capillary tube dlameter, 0.025 inch.
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Combustor-inlet total pressure, in. Hg abs

3472

[ % [ r [ ]
24 T T T T 1
0.20{ Injector ceplllary tube dimmeter, In.
0
e Combustor ignlted
© Combustor falled to
20 ignite
L7 075
-2
'-'-_._._.h-
18}e—
025
o /2 \\\ »
e ——
\
\
\\
128~ —— 2
'\ o‘
20'"
L7
8
Fo burning or ignition
4
0] A .2 3 od B «6 o7 .8 5]

Figure 6. ~ Effect of injection duratlion on combustor ignitlion limita.

Injection duratlon, sec

Aluminum borohydride concentration,

40 percant; dlluent, JP-4¢ fuel; inlet-alr and -fuel temperatures, 10° ¥; air flow, 3.75 pounds per secomil
per squars foot; caplllary length, 0.75 inch.
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Combustor-inlet totel pressure, in. Hg abs

A to ignite
\ ———— 40 Percent aluminum borohy-
20 \\ dride in mineral oil -
= =— 40 Percent aluminum borohy-
N dride in JP-4 fuel
\\
AN
16 \\
\ N
9 N
2”7 D \_®
12 ~3 N

S NACA RM E54K12

24

e Combustor ignited
O Combustor failed to ignite
¢ Aluminum borohydride failled-

E 2/ %] 2z
Steady-state burning ’%%

1imit (ref. 1) :
1 1

=60 «40 -20 0 20
Temperature, OF

Figure 7. - Effect of diluent and inlet-air temperature on
combustor ignition limits. Aluminum borchydride concen-
tration, 40 percent; diluents, JP-4 fuel and mineral oii;
alr flow, 3.75 pounds per second per square foot; capill-
lery tube diesmeter, 0.025 inch.
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Annular pllot =%

Main fuel EPrays . .
i
o~
) — Capsule loading ¢ e ) /.
- Air supply ~ = .
(125 1b/sq 1n.) ~—
= CD-33912

Pilot fuel SPraye " -

'3 in. tubing ... .

Figure 8. - Aluminum borohydride injection system for ignition in
48-inch ram-Jet engine.
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Combustor total pressure, in. Hg abs

20

18

16

14

12

10

“PUIMITETE, NACA RM ES4K12

T T | 1 LI 1 1

® Ignition (1 cc aluminum borohydride)
¢ Tegnition (2 cc aluminum borohydride)
O No ignition (1 cc aluminum borohydride)]

I R

2lve

\ Estimated ignition limit
with electriec spark

4 system, 3 Jjoules

y (3 sparks/sec)

(1]

O
/L4 I
Burning limit

5 6 i 8 9

Air flow, 1b/(sec)(sq ft)
Flgure 9. -~ Ignition data obtained in 48-inch ram-jet englne

with aluminum borohydride as ignitlon source. Inlet-air
temperature, 525° F (approx); fuel, JP-5,

SQONT I VR . NACA-Langley - 2-23-55 - 350



